Abstract: This study aimed to investigate whether the predictive values of intensity-and volume-based PET parameters are different between histological subtypes in patients with cervical cancer.
INTRODUCTION

I
nvasive cervical cancer is one of the most common cancers in women worldwide. Cervical cancer has been classified into 2 major histological types: squamous cell carcinoma (SCC) and non-SCC (NSCC), such as adenocarcinoma (AC) and adenosquamous carcinoma (ASC). SCC accounts for 75% of cervical cancer while AC accounts for 20% to 25% of cervical cancer. 1, 2 Although AC comprises a minority of cervical cancers, its relative and absolute frequency has increased over the last 4 decades despite the wider application of cervical cancer screening. [3] [4] [5] The difficulties associated with accessibility to glandular lesions in screening and histological variability have been implicated in the increased incidence of AC. NSCC differs from SCC regarding anatomical origin, risk factors, dissemination, recurrence sites, and metastasis rates. A recent large population-based analysis showed that AC was associated more with a poorer prognosis in the early and advanced stages than SCC. 5 Positron emission tomography (PET) with 2-[
18 F]-fluoro-2-deoxy-D-glucose ( 18 F-FDG) is of significant value for the evaluation of cervical cancer patients because it has the capacity to identify lymph node involvement, distant disease, and recurrence. 6, 7 It also provides prognostic information by quantifying intensity-based metabolic parameters such as standardized uptake value (SUV) and volume-based metabolic parameters such as metabolic-tumor-volume (MTV) and total-lesionglycolysis (TLG).
Some of the previous studies showed tumor 18 F-FDG uptake (SUV) as a predictive biomarker, whereas others showed volume-based indices (MTV and TLG) were significant prognostic factors for treatment responses or long-term prognoses in cervical cancer patients. [8] [9] [10] [11] [12] [13] Despite accuracy and wide utility of PET parameters, still there are controversies about which metabolic parameters are genuinely predictive indicators for the prognosis of cervical cancer patients. Most of the previous studies were conducted with SCC patients as a major group and other histological subtype, NSCC patients were very few in number. Only 1 research was conducted until now to evaluate prognostic value of 18 F-FDG PET in cervical NSCC (AC/ASC) patients. 14 The significance of 18 F-FDG PET as a prognostic predictor for each subtype of cervical cancer is not understood in detail. Discrepancies found in previous research findings might be caused by analyzing data irrespective of different histological subtypes of cervical cancer which could show different trends for the prognostic predictability of 18 F-FDG PET. Therefore, the aim of the present study was to investigate the predictive performance of intensity-and volume-based metabolic parameters of 18 F-FDG PET in cervical cancer patients according to the histological subtype which could be beneficial for individualized patient care and treatment planning. 
METHODS
Patients
PET/CT Imaging
The PET/CT imaging protocol was described previously. 15 Whole-body PET scans with 18 F-FDG were performed with a combined PET/CT scanner (Discovery LS; GE Medical Systems, Milwaukee, WI), which permitted the simultaneous acquisition of 35 image slices in a 3-dimensional acquisition mode with interslice spacing of 4.25 mm. The PET/CT scanner incorporated an integrated 4-slice multidetector CT scanner, which was used for attenuation correction. CT scanning parameters were as follows: Auto mA (upper limit, 40 mA; noise index, 20), 140 kV, 5-mm section thickness, 15-mm table feed, and pitch of 4. After at least 4 hours of fasting, patients received an intravenous injection of 185MBq 18 F-FDG and image acquisition began 50 minutes after the injection. A wholebody emission scan was performed from the head to the inguinal region with 2 minutes per bed position (7-8 bed positions). PET data were reconstructed by the iterative reconstruction method selecting 14 subsets and 2 iterations, a 128 Â 128 matrix, and postsmoothing with an 8-mm Gaussian filter. The reconstructed images were then converted to a semiquantitative image corrected by the injection dose and subject's body weight (¼ SUV).
Image Analysis
18 F-FDG PET/CT images were retrospectively interpreted by the consensus of 2 experienced radiologists (TaT and HO with 19 and 16 years of experience in oncologic PET, respectively) who had no knowledge of the other imaging results or the clinical data. Lymph nodes (LNs) with increased 18 F-FDG uptake, even if they were smaller than 1 cm in short-axis diameter on CT images, were defined as PET positive LNs (LN metastasis).
Tumor size was measured on MR images as a maximum diameter of the primary tumor. Subsequently, 18 F-FDG PET images were coregistered to individual MR images using automatic registration software (AW VS4; GE Medical Systems). Volume of interest (VOI) was placed on the primary site and the tumor contour was delineated to include voxels presenting SUV values greater than 40% of maximum SUV (SUV max ) (Figure 1 ). 16 The extracted tumor volume was defined as metabolic-tumor-volume (MTV), and total-lesion-glycolysis (TLG) was calculated as the product of the mean SUV (SUV mean ) and MTV. SUV max and SUV mean were used as intensity-based metabolic parameters; MTV and TLG were used as volume-based parameters for further analyses.
Statistical Analysis
The x 2 test and unpaired t test were used to assess differences in clinical factors (age, tumor size, FIGO stage, PET positive LNs, and treatment method) and 18 F-FDG PET metabolic parameters (SUV max , SUV mean , MTV, and TLG) between SCC and NSCC. Receiver-operating-characteristic (ROC) analyses were performed separately in SCC and NSCC to determine optimal cut-off values for tumor size, SUV max , SUV mean , MTV, and TLG and divide patients with or without events (disease progression and overall death) at the time of the last follow-up after treatment. The significance of the difference between the area under the ROC curves (AUCs) was then tested using the method of DeLong et al. 17 In the survival analysis, clinical factors and PET parameters were categorized into 2 groups each. Potential factors associated with progression-free survival (PFS) and overall survival (OS) were analyzed in univariate and multivariate analyses using a Cox proportional hazard regression model. Variables with P <0.05 in the univariate analysis were selected for the multivariate analysis. PFS and OS were estimated using the Kaplan-Meier method, and their comparison was based on the log-rank test.
All statistical analyses were performed using MedCalc (version 14) and IBM SPSS Statistics (version 22). A probability of less than 0.05 was considered significant.
RESULTS
Patient Characteristics
The characteristics of all 90 patients are summarized in Table 1 . Tumor size (maximum diameter) of SCC was significantly larger than that of NSCC (P ¼ 0.02). None of the other clinical factors or 18 F-FDG PET metabolic indices showed significant differences between SCC and NSCC. The median follow-up periods for surviving patients were 27 months (range, 2-36 months) and 28 months (range, 2-36) in SCC and NSCC, respectively. During the follow-up, 40 SCC patients (61%) were alive without recurrent disease while 6 (9%) developed locoregional recurrence or metastasis. Eighteen SCC patients (28%) died from disease progression and 1 (2%) died from another disease. On the other hand, 11 NSCC patients (44%) were alive without recurrent disease while 7 (28%) developed recurrence. Seven NSCC patients (28%) died from disease progression. The Kaplan-Meier estimates of 2-year PFS and OS rates were 60% and 70% for SCC and 40% and 76% for NSCC, respectively.
ROC Analysis
Optimal cut-off values and AUCs determined by the ROC analyses in SCC and NSCC are shown in Table 2 . The AUCs of tumor size and 4 PET parameters were taken as approximate indicators of the prediction of event occurrence because the ROC analysis had no information on survival periods. Volumebased parameters in SCC showed greater AUCs, indicating greater accuracy in the prediction of event occurrence than that of intensity-based parameters. Based on pairwise comparisons of AUCs, TLG showed significantly greater accuracy for predicting disease progression than SUV max and SUV mean (P ¼ 0.01 and P ¼ 0.005, respectively), and TLG showed significantly greater accuracy for predicting overall death than SUV max and SUV mean (P ¼ 0.01 and P ¼ 0.005, respectively). In contrast, intensity-based parameters showed greater AUCs, indicating greater accuracy in the prediction of event occurrence than that of volume-based parameters in NSCC. No significant differences were observed among tumor size and 4 AUCs in NSCC. Each cut-off value was used for subsequent survival analyses.
Survival Analysis
In SCC, univariate analyses showed that tumor size, FIGO stage, PET positive LNs, treatment method, SUV max , SUV mean , MTV, and TLG correlated with decreased PFS (P <0.05), and the same factors other than PET positive LNs, correlated with decreased OS (P <0.05) ( Table 3 ). In NSCC, univariate analyses revealed that FIGO stage, PET positive LNs, treatment method, SUV max , and SUV mean correlated with decreased PFS (P <0.05), while the FIGO stage, PET positive LNs, SUV max , and SUV mean correlated with decreased OS (P <0.05) ( Table 3) .
Since SUV max and SUV mean were strongly correlated, only SUV max was used for subsequent multivariate analyses in SCC and NSCC. Furthermore, since tumor size, MTV, and TLG were related variables regarding volume, 3 different models including size, MTV, and TLG separately were used for multivariate analyses in SCC. In SCC (Table 4) , SUV max (HR ¼ 2.87, 95% CI 1.04-7.90, P ¼ 0.04), MTV (HR ¼ 7.58, 95% CI 1.84-31.2, P ¼ 0.01), and TLG (HR ¼ 4.54, 95% CI 1.57-13.1, P ¼ 0.01) were independent prognostic factors for PFS, while MTV (HR ¼ 10.6, 95% CI 2.54-44.2, P ¼ 0.001) and TLG (HR ¼ 11.6, 95% CI 2.62-51.6, P ¼ 0.001) were independent prognostic factors for OS. In NSCC (Table 5) , SUV max was the only independent prognostic factor for PFS (HR ¼ 12.9, 95% CI 1.69-99.5, P ¼ 0.01) and for OS (HR ¼ 6.98, 95% CI 1.17-41.6, P ¼ 0.03). Kaplan-Meier survival curves of each PET index for PFS and OS in SCC and NSCC are shown in Figures 2  and 3 , respectively.
DISCUSSION
In the present study, we assessed the predictive value of pretreatment 18 F-FDG PET on the basis of metabolic intensity and metabolic tumor burden according to the histological subtype in cervical cancer patients. Our results demonstrated the different prognostic implications of 18 F-FDG PET between cervical SCC and NSCC. The volume-based parameters, MTV and TLG, were independent prognostic factors, irrespective of FIGO stages, PET positive LNs, treatment method, and SUV max for PFS and OS in SCC patients. On the other hand, intensitybased parameter, SUV max , , was the independent prognostic factor, irrespective of FIGO stages, PET positive LNs, , and treatment method for PFS and OS in NSCC patients. Therefore, discrimination of histological subtypes is important for prognostic prediction of cervical cancer patients by 18 F-FDG PET. Our results are consistent with a previous investigation with lung cancer patients which reported SUV max of primary tumor as a significant prognostic determinant for patients with AC but not with SCC. 18 The only previous study to evaluate the prognostic significance of preoperative 18 F-FDG PET in cervical NSCC (AC and ASC) was conducted by Chou et al. 14 They enrolled stage IB/IIB cervical AC/ASC patients, and univariate analyses revealed that SUV max of the primary tumor >5.3, stage IIB, deep cervical stromal invasion, tumor size measured by MRI !40 mm, and pelvic lymph node metastasis correlated with decreased OS. Due to the small number of events (9 overall deaths) relative to all patient populations (n ¼ 83), a multivariate analysis was not performed in their study. Although the sample size of NSCC (n ¼ 25) in our study was smaller than that in their study, a multivariate analysis was possible and revealed that SUV max was an independent prognostic factor for PFS and OS in NSCC patients. Most of the previous studies that evaluated the predictive value of 18 F-FDG PET focused on the major histological subtype of cancer or mixed minorities with it. However, the incidence of SCC, a predominant subtype of cervical cancer, has progressively declined since the introduction of the 19 focused on the issue: ''Why is it different?''. They emphasized the need to make a different treatment strategy and stressed the importance of intensifying research into the molecular profile of AC.
Our results raised the same question; ''Why is it different?'' Histopathology regarding tissue integrity and histological heterogeneity may explain the differences observed in the predictive value of 18 F-FDG PET between SCC and NSCC. SCC is composed of polygonal and spindle cells, which form into masses with central keratin and necrosis. 19 Keratins are the main structural proteins in epithelial cells, which assemble from heterodimers into intermediate filaments, thereby contributing to cell stiffness and tissue integrity. 20, 21 Due to the presence of central keratin, SCC may have the high structural integrity of cancer tissues. On the other hand, AC is composed of glands of varying sizes and papillae lined by columnar cells with an eosinophilic cytoplasm and brisk mitotic activity, resulting in lower tissue integrity compared with SCC. In addition, AC is histologically more heterogeneous than SCC. Although SCC has several subtypes, most of them (more than 90%) are keratinizing or nonkeratinizing. In contrast, the distribution of subtypes of cervical AC varies. Due to these histopathological differences, AC may have lower tissue integrity and a higher frequency of distant metastasis in a cell-dependent manner than SCC. ASC with squamous and glandular elements was found to have mixed features. As a result, the volume-based parameters (MTV and TLG) that reflect metabolic tumor burden may be independent prognostic factors for PFS and OS in SCC having higher tissue integrity and lower histological heterogeneity, whereas the intensity-based parameter, SUV max , which reflects the metabolic (mitotic) activity of each cancer cell, may be an independent prognostic factor for PFS and OS in NSCC due to lower tissue integrity and greater histological heterogeneity. One of the recent studies evaluated the associations of quantitative parameters derived from MRI and 18 F-FDG PET/CT with clinical and histopathological prognostic factors, disease-free survival (DFS), and OS in cervical cancer patients 22 and emphasized on the need of a head-to-head comparison between SUV max and MTV or TLG to assess whether a volumetric approach to 18 F-FDG uptake quantification would yield better results than the use of SUV max . From this point of view, our results showing implication of intensityand volume-based parameters between histological subtypes of cervical cancer were noteworthy. Clinical implications of our results could be beneficial for cervical cancer patients in which the incidence of each subtype has changed over the last 4 decades. Patient prognosis widely differs between SCC and NSCC. Non-invasively, using these volume-and intensity-based 18 F-FDG PET parameters, physicians can evaluate patient prognosis and accordingly they can plan separate as well as effective treatment strategy for each histological subtype. Patients having same cancer stage could have different prognosis which could be evaluated properly using MTV and TLG in SCC and SUV max in NSCC.
Presently, physicians are providing treatment to cervical cancer patients according to cancer stages. Despite histological differences, current treatment algorithms do not distinguish between SCC and AC. Current treatment strategy has not shown equal effectiveness for SCC and AC patients. 23 Specially, AC patients from stages IB2 to IIB are not showing optimal prognosis when treated by current standard, concurrent chemoradiation therapy (CCRT), or radical hysterectomy (RH). It may be necessary to make different treatment strategy for cervical AC which needs to be integrated into international guidelines to change practice patterns.
Several clinical studies were performed to provide effective treatment to AC patients. A retrospective review of neoadjuvant chemotherapy (NAC) followed by RH versus RH alone found that NAC plus RH improved median OS in patients with AC. 24 CCRT with paclitaxel plus cisplatin was potentially more effective than single-agent cisplatin for AC patients. 25 Another approach would be CCRT with neoadjuvant and adjuvant chemotherapy. A recent study in AC patients, randomized to CCRT alone versus NAC followed by CCRT followed by 2 further cycles of chemotherapy using cisplatin plus paclitaxel showed improved DFS and OS in later group who received additional cycles of therapy. 26 On the other hand, in SCC patients, NAC showed higher efficacy compared with NSCC patients and the combination of bevacizumab and chemotherapy also showed positive treatment response. 27, 28 In our study, NSCC patients with higher SUV max showed significantly lower PFS and OS, thereby leading to worse prognosis. This finding demonstrates the potential value of SUV max as a prognostic predictor in NSCC patients. Therefore, NSCC patients with higher SUV max could be considered highrisk patients and might be provided with NAC followed by RH, or CCRT with double-agents instead of traditional stagespecific treatment. On the other hand, SCC patients with greater MTV and TLG had significantly worse PFS and OS. Considering MTV and TLG as prognostic indicators, SCC patients having greater MTV and TLG could be regarded as high-risk patients and might be treated with advanced approaches instead of conventional ones.
Potential limitations of the present study were small sample size as well as inclusion of patients with different clinical stages with heterogeneous treatment methods. These results require future validation with a larger patient population.
CONCLUSIONS
Pretreatment
18 F-FDG PET provided different prognostic implications between histological subtypes in patients with cervical cancer. Metabolic tumor burden (MTV and TLG) could be beneficial for the prognostic prediction of patients with SCC, whereas metabolic intensity (SUV max ) could be beneficial for NSCC. These results may be attributed to the differences in cancer tissue integrity and histological heterogeneity between SCC and NSCC.
